The full potential linearized augmented plane wave method (FLAPW) including the spin-orbit coupling has been used to study the structural, electronic and magnetic properties of GdCo 5 compound. The calculations were performed within the local spin density approximation (LSDA) as well as Coulomb corrected LSDA + U approach. The study revealed that the LSDA + U method gave a better representation of the band structure, density of states and magnetic moments than LSDA. It was found that the spin magnetic moment of Co (2c) and Co (3g) atoms in the studied compound is smaller compared to the one in bulk Co. The optical and magneto-optical properties and the magneto-optical Kerr effect have also been investigated.
Introduction
Magnetic and electronic properties of intermetallic compounds which contain rare earth (RE) and transition metal (TM) elements, are of significant importance. They are crucial in numerous commercial and industrial applications, including high-power, high-temperature permanent magnets, microwave devices with improved performance, biomedical materials for medical sensors, fuel for heterogeneous catalysts, and many other applications.
New magnetic materials attract the attention of researchers because of their unusual intrinsic magnetic properties, such as significant magnetic moment, high magneto-crystalline anisotropy and high Curie temperatures [1] [2] [3] . The studies have shown that magnetic properties of the materials are related to the electronic configuration of their atoms. * E-mail: mouh2009@gmail.com It was found that 4f states form a subset of localized magnetic moments, while the 3d TM ones are responsible for metallic bonding and magnetic ordering. These states are considered as nearly free states participating in the bonding in the presence of 4s TM and 5d RE states [4, 5] .
For many years, researchers have been studying rare earth/transition metal (RE/TM) compounds, including the electronic properties of GdFe 2 , GdCo 2 , (Y,Gd)Co 2 , YCo 2 , La 2 Co 7 [6] [7] [8] [9] , and the magneto-optical properties of different RE/TM compounds like GdFe 2 , HoFe 2 , ErFe 2, TbFe 2 , DyFe 2 and YFe 2 [10, 11] . A magnetocaloric effect was studied in GdCo 5 alloys which exhibit magnetic phase transition near the room temperature [12] . Large magnetic anisotropy and perpendicular orientation of magnetic moment were observed in GdCo 5 [13] . The temperature dependence of magnetic anisotropy was determined for GdCo 5 and YCo 5 by introducing the first-principles approach to calculate temperature-dependent magnetization versus field (FPMVB) [14] . This approach solves the problem of the large value of magnetocrystalline anisotropy of GdCo 5 at 0 K. This work highlights the electronic, magnetic and magneto-optical Kerr effect properties of GdCo 5 based on the first principles calculations, using LSDA and LSDA + U methods.
Computational methods
First principle calculations were performed using the relativistic all-electron full potential linearized augmented plane wave (FPLAPW) method implemented in the WIEN2k code version 14.1 [15] . The local spin density approximation (LSDA) functional [16] and LSDA + U applied to the 4f electrons [17] were employed in this work.
It is known that LSDA may lead to a relatively incorrect prediction of magnetic properties. Therefore, we used LSDA + U calculations with a spin-orbit coupling (SOC) to distinguish different properties of the compound (e.g. ferrimagnetic vs. ferromagnetic) [17, 18] . In LSDA + U calculations, we have used an onsite Coulomb interaction with U = 6.7 eV and an exchange parameter J = 0.7 eV [19] for the Gd (4f) electrons. GdCo 5 have a CaCu 5 type structure (P6/mmm, space group No. 191). The experimental values of a and c/a used in the calculation were 4.963 Å and 0.801 Å, respectively [20] . The Gd and Co atom positions are summarized in Table 1 . A mesh of 793 k points in the irreducible part of the Brillouin zone has been used for GdCo 5 . A denser mesh of 2052 k points in the irreducible part of the Brillouin zone has been chosen for the investigation of the magneto-optical (MO) properties. The radii of the muffin-tin spheres are equal to 2.3 and 2.5 for Co and Gd, respectively. The cutoff parameters are R MT ·K max = 7 for the plane wave and R MT ·G max = 12 for the charge density, K max represents the maximum wave number of the plane wave in the interstitial region, and G max is the maximum reciprocal lattice vector. The criterion for total energy convergence is 0.0001 Ry and the default value of the energy separation between core/valence is −6.0 Ry. 
3. Results and discussion
Magnetic properties
The calculated spin magnetic moments, based on experimental geometry, are shown in Table 2 . The previous calculations made by both LSDA and LSDA + U methods proved that Gd and Co magnetic moments are antiparallel to each other [2, 5] . Thus, the band structure and density of states (DOS) were calculated to better understand the magnetic properties of GdCo 5 ( Fig. 1a and Fig. 1b ).
Within LSDA + U approach, it was found that the strongest DOS peaks for the majority spins are located at −7 eV below the Fermi level, while for minority spins the peaks are located at 4 eV above it. These peaks consist of the Gd (4f) state. For minority spins, this state is hybridized with d and p bands of Co, while it is unhybridized in the case of majority spins [6] .
The f band in LSDA approximation is located at −4 eV for the spin up and 1 eV for spin down. Thus, it is shifted towards higher binding energies for the spin up and towards the positive energies for the spin down ( Fig. 1c and Fig. 1d ).
The DOS width of the Gd (4f) state in the GdCo 5 compound calculated by LSDA + U method is equal to 0.5 eV for both majority and minority spins. This value is comparable to that of an isolated Gd atom. The exchange coupling has significantly been enhanced with the introduction of the Hubbard parameter U.
The calculated spin magnetic moments and the density of states (DOS) at Fermi level E F are presented in Table 2 . The spin magnetic moments of Gd atom in GdCo 5 are equal to 7.32 µ B and 7.07 µ B for LSDA + U and LSDA, respectively. In this compound we observed a reduction in the spin magnetic moment of Co (Table 2 ) due to the filling of the minority spin d states through hybridization, which explains the increase of Co (3d) magnetic moments in GdCo 5 in comparison with pure Co.
The contributions of Co (3g) and Co (2c) atoms to the spin magnetic moment are 1.89 µ B , 1.77 µ B for LSDA + U and 1.58 µ B , 1.54 µ B for LSDA calculations. Hund's rule suggests that Gd has a zero orbital magnetic moment so we can neglect it. However, we have calculated it and found that the orbital moment of Gd remains very small (0.03725 µ B in LSDA + U and 0.00419 µ B in LSDA + U + SOC). These results are in good agreement with those obtained in previous studies [8, 21] . The cobalt spin magnetic moments have been found to be lower than their experimental values. Fig. 2 shows the Gd (5d) and Co (3d) contributions in the partial density of state PDOS. According to 4f-5d-3d model [22] , the Gd (4f) electrons polarize their 5d bands. There are also Gd (5d) -Co (3d) short-range exchange interactions. The Gd (5d) states are occupied mostly through the 5d-3d hybridization [5] , while the localized 4f states are located around 5 eV below the Fermi level. In addition, these states are shifted more to around 7.5 eV if the Coulomb interaction U is added. When the magnetization is parallel to c-axis, the SO interaction will slightly widen the f states.
In the antiparallel orientation calculation, the energy difference before hybridization of spin-minority 5d and 3d states will be smaller than the energy difference between 5d and 3d spin-majority states. Also, the 4f-5d intra-atomic exchange interaction will always orient the 5d spin magnetic moments parallel to the 4f spin magnetic moments [5] .
The spin polarization at the Fermi level (E F ) is given by the relation [23] :
where N ↑ (E F ) and N ↓ (E F ) are the density values for majority and minority spin states, respectively. 
Magneto-optical properties
We calculated the dispersion of the optical conductivity tensor σ αβ (ω), where ω is the frequency of the incoming electromagnetic radiation. The calculation was performed from the energy band structure by means of the Kubo-Greenwood [24, 25] linear response [26] :
where V uc is the unit-cell volume, f ( nk ) is the Fermi function, nk and n k are the Kohn-Sham energies at the point k for the band n and n , respectively.hω nn = nk − n k is the energy difference for the two bands n and n , ∏ α nn (k) is the dipolar optical matrix element, γ = 1 τ is the lifetime parameter, and τ is the relaxation time parameter.
The imaginary part of the non-diagonal elements of the conductivity tensor describes the magneto-optical absorption. For the polar Kerr effect the magnetization is perpendicular to the surface of the sample and parallel to z-axis.
The dielectric tensor is expressed as:
where xx and zz are the diagonal components and xy the off-diagonal component of the dielectric tensor. The optical conductivity tensor σ αβ = σ
(1)
αβ is related to the dielectric tensor by the equation: For the linear polarization, the solution of Maxwell equation gives the relation between the complex Kerr angle and the dielectric tensor. Assuming that θ k and k are small, they are given by the following relations [27, 28] :
where θ k is the Kerr rotation and ε k the Kerr ellipticity. In order to study the magneto-optical behavior of the system, the spectral calculation of the Kerr effect in polar geometry has been performed (P-MOKE).
It is known that the magneto-optical effect originates from interband and intraband transitions. The intraband transition of 3d transition metals or 5d rare earth and the interband d-f or d-p contribute to the Kerr rotation spectra [29] . Generally, the net spin polarization, the spin-orbit coupling and even the density of states near the Fermi level are important factors contributing to the magnitude of the Kerr effect, which is determined by the offdiagonal components of the conductivity tensor. Fig. 3 shows the diagonal and off-diagonal optical conductivity (σ xx (ω) and σ xy (ω)) for the compound calculated using both LSDA+SOC and LSDA + U + SOC methods with spin-orbit coupling and the broadening of 0.7 eV. The most suitable broadening parameter can be chosen by trying different values and comparing their relative sharpness. A small value of the broadening indicates weaker scattering. Fig. 3a and Fig. 3b show the absorption curve σ 1 xx and the dispersive part σ 2 xx of optical conductivity in the range of 0 to 14 eV. The curves obtained by both methods are very similar. In the 1 eV to 6 eV energy range, the corresponding peaks are practically at the same positions, but the magnitude of the peak is higher in the framework of LSDA + SOC. The two peaks are the strongest and originate from the p-d interband transition [29, 30] located around 2 eV and 5.5 eV. The third peak is located around 9 eV.
The off-diagonal conductivity curves (Fig. 3c and Fig. 3d ) σ xy (ω) and ω · σ xy (ω) (Fig. 3e carry information about the Kerr rotation and ellipticity. The obtained result is also proportional to the difference in the absorption rate of the left and right circularly polarized light (LCP and RCP) [31, 32] . Its sign is directly related to the spin polarization of the states responsible for the interband transitions producing the structures in the spectrum. In order to find the origin of the studied Kerr spectra, it is useful to consider the absorptive part of the off-diagonal optical conductivity σ 2 xy (ω), since it plays an important role in Kerr effect (equation 6). When comparing ω · σ 2 xy (ω) with the Kerr rotation, it was found that the signature of σ 2 xy dependence is stronger than the σ 1 xx dependence [29] . It is interesting to note that the ω · σ 2 xy (ω) spectrum and the Kerr rotation in Fig. 3e and Fig. 4a have a similar line shape. The numbers of dominant and prominent peaks are equal in both spectra. value in ellipticity corresponds to a peak in the Kerr rotation [32] . A vanishing ellipticity means that the light waves remain linearly polarized at these frequencies [33] . In LSDA + U + SOC we observe a main peak of 0.5°located at 5 eV having a large width of 1.5 eV, a second peak of −0.7°located at 7 eV and another peak of 0.5°at 9.5 eV. For LSDA + SOC we found a similar structure with smaller angles. The two main peaks are located at 5.5 eV and 7 eV, and a weaker peak is located at an energy range greater than 10 eV.
Conclusions
The full potential linear augmented plane wave method including the spin-orbit coupling has been used to study the structural, electronic and magnetic properties of the GdCo 5 compound. The calculations were made within the local spin density approximation LSDA and Coulomb corrected local spin density approximation LSDA + U. It was found that the value of magnetic moment is in agreement with the experimental results within the LSDA + U approximation. The hybridization of the minority spin d states of Co in GdCo 5 leads to a decrease in the Co magnetic moment. The contributions of Co(3g) and Co(2c) atoms to the spin magnetic moment are (1.89 µ B , 1.77 µ B ) and (1.58 µ B , 1.54 µ B ) for LSDA + U and LSDA calculations, respectively. It was also observed that the values of Reσ xx (ω) obtained by LSDA + SOC and LSDA + U + SOC methods are very similar and the corresponding peaks are practically at the same position but the magnitude of the peaks in the case of the LSDA + SOC method is higher.
